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ABSTRACT 
A mathematical model of True Coincidence Summing (TCS) correction factors of gamma 
photons from simple decay schemes of °Co and 88Y was developed. The model developed 
made use of the total detection efficiency of the detector and the yields for the photons 
concerned. The total detection efficiency was determined based on the fraction of the 
simulated gamma photons being absorbed by the detector. Self-absorption by the sample was 
also taken into account. The simulation code was written in FORTRAN 90. The simulated 
total detection efficiencies obtained were used in the mathematical model to yield the needed 
TCS correction factors. The model-simulated TCS correction factors were compared with 
experimental results. Application of the model and simulation to samples used by other 
researchers shows an average agreement of within 5%. 
Keywords: true coincidence summing, mathematical model, simulated total efficiency 
1. INTRODUCTION 
In gamma-ray spectrometry, true 
coincidence summing (TCS) takes 
place when a single nuclide in a 
sample emits two or more gamma 
photons in rapid sequence. The 
gamma photons may be detected as 
one if the emission sequence takes 
place within the resolving time of the 
spectrometry system. This will result in 
the reduction of the peak counts of the 
two photons in the energy spectrum of 
the spectrometry. The missing counts will 
appear in a 'sum peak' at the energy that 
is the sum of the energies of the two 
photons. In gamma-ray spectrometry 
where such nuclides are involved, the 
correction for these losses need to be 
taken into account to reduce the 
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inaccuracies in the detector efficiency 
calibration1'2. Corrections for the 
effect must also be used in the actual 
measurement of samples containing 
these radionuclides. The magnitude of 
the effect depends on the specific 
features of the nuclide decay scheme 
and the solid angle subtended by the 
detector on the sample3. For a closed 
sample-to-detector position it has been 
shown that the TCS effect has caused 
deviations of about 5% or more4. 
The correction factors for certain 
sample-detector geometry are usually 
determined experimentally using 
mixtures of non-coincident and 
coincident photons sources. A 
calibration curve is plotted using the 
non-coincident photons. Deviations of 
the coincident photons efficiency from 
the calibration constitute the 
correction factors5'6. A mathematical 
treatment of TCS corrections in 
gamma-ray spectrometry was first 
described by Andreev et al.7, and 
modified by McCallum and Coote8 for 
coincidence from two levels 
excitation. The correction factors were 
shown to be a function of total 
efficiency, photon yield, internal 
conversion coefficient and angular 
correlation between emitted photons. 
For a point source, it has been shown 
that the correction factors can be 
modelled as a simple expression 
containing the total detection 
efficiency and the respective 
coincident gamma photons yields1. 
Extension of this approach to extended 
samples was shown to yield 
reasonably good results9'10. 
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In the present study a mathematical 
model was developed relating the TCS 
correction factor to the total detection 
efficiency of the gamma-ray 
spectrometric system. Then a simulation 
code was developed to return the total 
efficiency of a photon for the particular 
sample-detector arrangement. Hence the 
model-simulated value of the TCS 
correction factor can be calculated. The 
values obtained were then verified 
experimentally. 
2. MATHEMATICAL MODEL 
Using the general mathematical formula 
for TCS correction factors published by 
Andreev et al.7, McCallum and Coote8 
was able to derive the correction factors 
for simple scheme with the emission of 
two coincident photons such as the decay 
of °Co shown in Figure 1. In the 
formulae the effect of internal 
conversions and the angular correlation 
between the photons were included. 
However, if it was assumed that the 
internal conversion coefficients of all the 
coincident photons are zero, and there is 
no angular correlation between the two 
coincident photons a simpler model can 
be developed1'11,12. 
The correction factors determined are for 
coincident photons from simple decay 
scheme of 60Co and 88Y whose relevant 
parameters are shown in Table 1. The 
internal conversion coefficients dj shown 
are those for electrons from K shell of the 
atom13. Contributions from other shells to 
the total internal conversion coefficient 
value are normally very small (at least 
one order of magnitude smaller than the 
30 
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contribution of K shell) and negligible. 
Using these values as the total internal 
conversion coefficient, the value of the 
term for the effect of internal 
conversion will be (1 + oci ) = 1. 
Therefore, for the present study it was 
assumed that the effects of internal 
conversions were negligible. The effects 
of angular correlation between the 
coincident gamma photons are not 
significant. A study indicated that the 
effect of neglecting angular correlation is 
less than 0.8%9. 
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Figure 1: Decay of
 27Co through beta radiations is an example of a single nuclide 
emitting two coincident gamma photons. 
6(V Table 1. The coincident isotopes of Co and Y 
Isotopes Gamma-ray, Energy Yield,/;, 
. Ji (keV) 
IC coefficients 
CCi (xlO 4) 
GUCo 
88y 
1 
2 
1 
2 
1173.24 
1332.50 
898.10 
1836.10 
0.9989 
0.9998 
0.9410 
0.9936 
1.73 
1.29 
2.50 
1.24 
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With reference to Figure 1, let the full-
energy peak efficiency and the total 
efficiency of the coincident photon Yi 
be represented by 8j and eti 
respectively. While pi is the yield of 
the /-th photon. If the two photons Yi 
and Y2 interact in coincident in the 
detector, the sum pulse will be 
recorded at an energy E' < Ei + E2 in 
the spectrum, where Ei and E2 are the 
separate energies of the photons. The 
separate probabilities of interaction of 
the two photons with the detector are 
£ti and et2 respectively. Therefore the 
probability of a joint interaction is eti2 
= 8ti8t2. However, for coincident 
between photons that engaged in full 
energy interaction with the detector, 
the sum pulse will be recorded at an 
energy E' = Ei + E2 in the full energy 
peak of the spectrum. Let 81 denotes 
the efficiency of full energy 
interaction of Yi with the detector with 
no coincidence taking place (that is, 
the nominal efficiency), and eci the 
corresponding efficiency in the 
presence of coincidence. Therefore, 
for the emitted photon Yi the net 
probability for full energy interaction 
that gives rise to full energy peak at Ei 
is 
pi£c] =pfi\ -pi£\£t2 eq. (1) 
The second term on the right hand side 
represents the loss due to TCS with Y2-
Defining the TCS correction factor for 
full energy peak Ei as the ratio 
between non-coincident efficiency to the 
coincident efficiency, FCi = £\/&d, we get 
Fd = 7 — eq.(2) 
For the case of Y2, since only Y2 that are 
not preceded by Yi c a n interact in 
coincidence in the detector with j \ , we 
get the net probability of full energy 
interaction that results in full-energy peak 
at E2 as 
P2£c2 =P2&2 -pfciZa eq.(3) 
Again, the second term represents the 
loss due to coincident with yi- The TCS 
correction factor for Y2 is then 
^T^k eq'(4) 
3. SIMULATION OF TOTAL 
EFFICIENCY 
Due to the effects of self-absorption, the 
fraction of gamma photon / of a certain 
energy emerging from the sample of 
density ps and entering the detector will 
be ISi =Q-p^x°i 5 where u.s and xSi are the 
mass attenuation coefficient (in units 
9 1 
cm" g" ) of the sample and photon 
absorption path length (cm) in the sample 
respectively. 
The path length of the photon in the 
detector is x<#. This path length is then 
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used to calculate the fraction of the 
photon being absorbed in the detector 
crystal of density pa, using the relation 
hi = /«(l-e~PdMdXdl), where \id is the 
mass absorption coefficient of the 
photon. For n number of gamma 
photons m will enter the detector, 
where m <n. Therefore the expression 
i m 1 m 
is average of the fractions being 
absorbed by the detector. The total 
detection efficiency for n gamma 
photons will then be given by the 
equation 
1 m 
m i >n 
n m
 i=1 
1 m 
-I Isi(l-e-p^) eq.(5) 
A simulation code was developed to 
return the self-absorption correction 
and the total efficiency of the 
p a r t i c u l a r s a m p l e - d e t e c t o r 
arrangement based on eq. (5). The 
code was written in FORTRAN90. 
Depending on whether it is the first or 
the second photon of the decay 
scheme, eq. (2) or (4) will be used 
respectively to calculate the simulated 
TCS correction factor. As the 
consequence of the assumptions made 
in developing the mathematical model, 
this approach can only be applied to 
coincident photons from simple decay 
scheme such as 60Co and 88Y. 
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4. EXPERIMENTAL 
VERIFICATION 
4.1 Samples and detectors 
Studies were carried out using data 
acquired via routine calibration of 
detectors on eight different sample-
detector arrangements, comprising six 
well-type detectors (GWL) and two 
coaxial detectors (GMX). For each 
sample-detector arrangement, standard 
samples containing two categories of 
gamma photon source nuclides of known 
activity were used. One category was 
those of which emit practically 
coincidence-free gamma photons (40K, 
85Sr, n3Sn, 241Am, 210Pb, 203Hg, 109Cd, 
85Sr, 137Cs and U0 3 ore), and another 
were nuclides that show TCS effect (88Y, 
60Co,134Csand57Co). 
4.2 Efficiency-energy calibration 
curves 
The detectors' efficiency calibration 
curves as a function of energy (e-E 
relationship), for each of the sample-
detector arrangements were established 
using the non-coincident gamma photons 
from the standard samples. The efficiency 
of each non-coincident gamma photon for 
each sample-detector arrangement were 
calculated in the normal manner using 
RP 8 = — , where R„ is the net count rate 
R
oPi 
in the full-energy peak, after taking into 
account the corresponding effect of self-
absorption of the sample, R0 the nuclide 
activity (Bq) and p, yield of the photon. 
Using these values of experimental peak 
efficiencies, the calibration curves of e 
versus photon energy for each 
33 
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arrangement were plotted. The linear 
part of the efficiency calibration 
curves, for each sample-detector 
arrangement studied using non-
coincident gamma photons, were fitted 
with the general relation e = a E'b. The 
points of low energy photons (E < 180 
keV) lie below the linear line because 
their energies are below the 'knee' of 
the calibration curve are not taken into 
account in the mathematical fitting. 
Due to the effect of summing out, 
efficiency points ec, from the 
coincident gamma photons lied below 
the respective e-E calibration curves. 
Using the e-E mathematical fitting 
established earlier for the appropriate 
detectors, the nominal efficiency e, of 
the coincident photon was calculated. 
The corresponding experimental TCS 
correction factor was then calculated 
using Fe = e/ec. 
5. RESULTS 
Results of the experimental and simulated 
model correction factors for coincident 
photons from 60Co and 88Y for different 
sample-detector arrangements are given 
in Figure 2(a) and (b). The results show 
good agreements between the two 
approaches. The error bars shown on the 
diamond points in the figure are for ±5% 
deviation of experimental results. Square 
points show simulation results. Except for 
sample-detector arrangements GWL2 and 
GWL3, both model and experiment 
agreed within the 5% experimental 
deviation. 
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?60, Figure 2(a): TCS correction factors of Co obtained by experiments and by model. 
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Figure 2(b): TCS correction factors of Y obtained by experiments and by model. 
6. DISCUSSIONS 
It is widely recognized that the 
coincident points lie below the linear 
line of efficiency-energy calibration 
curves, which indicated the effect of 
summing out. Therefore without 
correc t ion , any gamma-ray 
spectrometric analysis involving 
coincident nuclides like this, would 
lead to an erroneous results and 
conclusions. If they were used in 
calibrating the efficiency of a detector 
without TCS correction, systematic 
error will be introduced. 
The simulations code developed for 
the determination of the total 
efficiency, hence correction factor, 
needs accurate values of a number of 
parameters. Samples' dimensions and 
position relative to the detector, and 
absorption coefficient are needed to 
correct for self-absorption and 
geometrical effect. To determine the 
total efficiency, detector crystal 
dimensions and absorption coefficient are 
necessities. Finally the coincident 
photons emission probabilities are 
essential to calculate the correction factor 
for the second photon. The main source 
of uncertainties here was the detector 
crystal dimensions, which essentially 
were approximate values quoted by the 
suppliers. Furthermore the crystal was 
assumed to perfectly cylindrical in shape, 
which is not true in real situation. 
Figure 2 (a) and (b) compares the 
correction factors obtained by simulations 
to those by experiments. Generally both 
approaches agree within 5%. However, 
the simulations' results tend to produce 
higher correction factors, indicating the 
presence of systematic variations. This 
may be due to the overestimated 
magnitude in the dimensions of the 
detectors used in the simulations, which 
are estimates provided by the suppliers. 
The effect of this overestimate was more 
obvious for detector GWL2, where 
deviation of more than 5% was observed. 
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Table 2 shows the results of the 
present model-simulated TCS 
correction factors when applied onto 
the samples and the sample-detector 
arrangements used by other 
researchers1'12 for Co-60 and Y-88 
nuclides. A generally good agreement 
of within 5% is observed. The 
voluminous samples used by the 
authors were in aqueous form. Since 
the exact percentage composition of 
the samples used were not known, 
therefore, in the simulations they were 
assumed to take the absorption 
properties of water. This explains the 
trends of the deviation of the 
simulated results from the published 
data. The presence of various 
radionuclides in the sample would 
effectively make the sample more 
attenuating than water. If these were 
taken into account in the present 
simulation model, a lower simulated 
total efficiency would be produced. 
Notes: * Fc from the present study, FH from 
theoretical results from Debertin and Schotzig1. 
This in turn will produce smaller 
simulated TCS correction factors. 
7. CONCLUSIONS 
The study has shown that the simple 
simulation model have the potential to be 
used as a fast method for the 
determination of the TCS correction 
factors for simple coincident involving 
two photons. The results agree with those 
obtained by experiments and the results 
of other researchers. 
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Table 2. TCS correction simulations applied to samples of other researchers 
Detector 
Sample 
Isotope 
Radius: 
Radius: 
Energy 
2.15 cm 
4.5 cm 
Fc 
Height: 
Height: 
FH 
4.65 cm 
15.7 cm 
FDE 
d = 0.8 
cm 
FDT 
Co-60 1173.24 1.051 1.034 1.032 1.033 
1332.5 1.052 1.035 1.031 1.034 
Y-88 898.04 1.050 1.035 . 1.038 1.029 
1836.06 1.049 1.033 1.028 1.035 
lied to sa ples of other researchers *. 
;
 
.  .  .  .  
Haaseetal u, F/^and FDT are experimental and 
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